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ABSTRACT
Variations to synthetic conditions and reaction components were explored to understand the
factors that influence framework assembly in monovalent metal-organic frameworks synthesized
from the polydentate ligand hydrotris(1,2,4-triazolyl)borate, [BH(trz)3]-. The role of
solvothermal conditions, monovalent metal counterion size, and covalent ligand substitution
were studied. A[BH(trz)3] (A = Li, Na, K) were synthesized by reacting ABH4 with 1,2,4triazole (Htrz) under reflux. K[BH(trz)3] was crystallized from acetonitrile in the monoclinic
space group P21/c as a three-dimensional, nonporous framework with hex topology (a=9.2318(8)
Å, b=7.5195(7) Å, c=15.6718(14) Å, α=γ=90°, β=103.5070(10)°). Li[BH(trz)3] was crystallized
from acetonitrile in the orthorhombic space group Pbca as two-dimensional, corrugated sheets
with fes topology (a=11.3790(5) Å, b=13.4027(6) Å, c=14.3289(6) Å, α= β=γ=90°).
Cu[BH(trz)3] also adopts the fes topology and was crystallized via cation exchange between
K[BH(trz)3] and CuI in isopropanol (a=11.2689(10) Å, b=13.3005(12) Å, c=14.5276(13) Å,
α= β=γ=90°). Na[BH(trz)3]•C3H7NO was previously synthesized from N,N-dimethylformamide;
it crystallizes in the pcu topology. A comparison of these materials suggests that cationic radius
plays a significant role in directing framework assembly. Increasing the ionic radius of the metal
increases the coordination number, and as a result, increases the number of exodentate nitrogen
atoms that can coordinate the metal center. Increasing the number of exodentate nitrogen atoms
that coordinate the metal center increased framework dimensionality. Li[BH(trz)3]•C3H8O
crystallized from isopropanol was identified as a new crystalline polymorph in the Li[BH(trz)3]
system. Spectroscopic and thermal analysis data suggest that the material contains an
isopropanol of crystallization. For other monovalent cations, no other crystalline polymorphs
were isolated from different solvents. This suggests that solvent may play a limited role in
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framework assembly. To investigate the impact of steric hindrance on framework assembly,
K[BH(dmtrz)3] (dmtrz = 3,5-dimethyl-1,2,4-triazole) was synthesized. The synthesis of
K[BH(dmtrz)3] will be discussed.
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INTRODUCTION
Porous solids and metal-organic frameworks
Porous solids are a class of materials that have received a growing amount of attention
over the past century due to their unique atomic structure and practical applications.1,2 Unlike
most crystalline solids, which contain atoms packed closely together to maximize favorable
interactions, porous solids pack in a way such that nanometer-sized pores permeate the structure
(Figure 1). As a result, these materials contain very high surface-area-to-volume-ratios. The
nano-sized pores can accommodate molecules ranging from diatomic gases to moderately-sized
organic molecules.3 Currently, the most widely utilized class of porous solids are inorganic
minerals called zeolites.2 Zeolites are aluminosilicates that can adopt a variety of porous
topologies. Zeolite materials are used in applications ranging from gas adsorption to catalysis to
petroleum refining.4-6

Figure 1. General structure of a non-porous, crystalline material with cubic close-packed (ccp)
structure (left) and a porous zeolite material (right).7 In the ccp solid, the three different colored
spheres represent different layers in the solid. For the porous zeolite, which contains large pores,
the red spheres represent oxygen atoms and blue spheres represent silicon atoms.
Despite this range of applications, zeolitic uses are restricted by limited pore size and
chemical diversity.8-10 The upper limit of zeolite pore aperture size is roughly 14 Å in diameter,
and zeolites with larger pores often exhibit poor stability.8,11 The zeolite pore size limit restricts
12

the size of molecules that can interact with the internal zeolite surface. Since zeolites are
aluminosilicates, there are a limited number of atomic substitutions and covalent modifications
that can be made to the materials.9,10 This limited ability to modify zeolite surfaces restricts the
types of interactions that the materials can have with small molecules. Furthermore, zeolites
must be synthesized using small molecule templates, such as amines and quaternary ammonium
ions, to create pores. Many zeolites collapse upon removal of these templates, destroying their
functionality.3
In the mid-1990s, metal-organic frameworks (MOFs) emerged as a new type of porous
solid with tunable material properties.2,3,12 MOFs are crystalline solids comprised of inorganic
cations or clusters that are linked through organic Lewis bases. These solids can form
coordination polymers that are 1-, 2- or 3-dimensional (Figure 2). As with all porous solids,
MOF structures are dictated by the geometries of the cationic nodes and ligands that link nodes
together. These nodes are collectively referred to as secondary building units, or SBUs. Unlike
zeolites, which are restricted to very few node and linker types, MOFs can utilize almost any
metal cation or cluster and a very broad range of organic ligands to construct a nearly infinite
number of framework topologies.3

13

1-D
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cation or
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Figure 2. Schematic diagram of metal-organic frameworks (MOFs). Inorganic cations and metal
clusters are coordinated by organic Lewis bases to form one- and two-dimensional networks and
three-dimensional frameworks.
The use of organic Lewis bases to connect metal centers offers several distinct
advantages over purely inorganic anions. By varying the length of the organic linker used, MOF
14

pore sizes can be precisely tuned, and the pores themselves can be many times greater than the
size of the largest zeolite pores (Figure 3).12,13 One example of a framework with extremely large
pores is IRMOF-74XI, which contains pores with an aperture size of 98 Å. The large pore size of
this material is due to the use of a long, rigid organic linker with an eleven phenyl ring spacer.14
In addition to tuning the pore size, MOFs can be designed to perform catalytic reactions at high
efficiency by varying the chemical functionalities on the organic linkers (either before or after
framework assembly).15 Furthermore, MOFs do not require template molecules to assemble into
porous structures, but instead undergo self-assembly via a variety of different reaction
conditions.13 It is because of these advantages that MOFs are seen as the future of functional
porous solids.

increasing linker length
increasing pore size
Figure 3. Illustration of how increasing the length of the organic linker can lead to an increase in
pore size in MOFs. These isoreticular MOFs (IRMOFs) contain tetrahedral oxide-centered Zn4O
clusters bridged by six carboxylate ligands.13
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MOFs for fluid separation
The ability to synthetically tune MOF pore size and functionality makes this class of
materials ideal for the separation of fluid mixtures (including gases and liquids) by selective
adsorption and/or size exclusion.16 In this application, one component of a mixture will flow into
the porous material and adsorb onto the surface while other components pass through without
adsorbing or are simply too large to enter. Gases that pass through a porous MOF may physically
adsorb to the surface. Depending on the gas, adsorption can be seen near both metal SBUs and
near ligand molecules.17
One example of gas separation that may have a large environmental impact is the
efficient separation of carbon dioxide gas from power plant exhaust.18 Current CO2 scrubbing
technologies involve the chemical absorption of the gas into alkanolamine solvents. This process
is inefficient and costly because the removal of CO2 to regenerate the solvent incurs a high
energy penalty (25-40% total energy output).19 Robust MOFs with high thermal and chemical
stability that preferentially adsorb CO2 would be ideal materials to replace conventional
scrubbers. Since gases physically adsorb to the surface of porous materials as opposed to
chemically reacting with a solvent, the energy required to release the CO2 and regenerate the
MOF is significantly lower than that required for chemical absorption. In a global economy
where fossil fuels will continue to be a key energy source for years to come, cost-efficient
removal of CO2 is needed to curtail global climate change and water acidification.12,20
Constructing MOFs with zeolitic properties
The preceding examples utilizing MOFs for fluid separation illustrate how changing the
physical and chemical properties of a MOF can change its function. The functional properties of
MOFs are primarily defined by the framework topology or the coordination geometry and
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connectivity of cationic nodes and organic ligands within the framework.12,20 Variations in MOF
topology give rise to variations in properties such as pore size, thermal and chemical stability,
and internal surface area. Thus, carefully-chosen starting materials (metal cations and organic
ligands) can be used as functional building blocks to construct MOFs with specific topologies
and properties.13,21
A class of MOFs called zeolitic imidazolate frameworks (ZIFs) demonstrate how starting
materials can be chosen to direct the assembly of specific topologies. Zeolites, which have wellcharacterized gas and liquid adsorption properties, have been used to achieve multiple types of
fluid separation from CO2 gas adsorption to solvent purification. Current research shows that
many ZIFs, which mimic the topologies of zeolites, exhibit enhanced adsorption properties.22
The topological similarities between ZIFs and zeolites can be explained in terms of the bond
angle between tetrahedral centers (Figure 4). In zeolites, the Si-O-Si bond angle ranges from
140-148º. For imidazole, the bond angle from one nitrogen through the centroid of the ring to the
second nitrogen atom is ~144º. This similarity in bond angle explains why azoles can be used as
organic linkers to construct MOFs with zeolitic topologies.23 By varying the coordination
environment of the inorganic cation, it is possible to construct a variety of different zeolitic
topologies using the same ligand.
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Figure 4. Comparison of node-linker bond angles in an inorganic zeolite (left) and ZIF-1
(right).22
The goal of this project is to construct MOFs with zeolitic topologies by incorporating
multiple organic azole rings into a pre-assembled framework node using the anionic ligand
hydrotris(1,2,4-triazolyl)borate, or [BH(trz)3]- (Figure 5). In the ligand, three 1,2,4-triazolate
rings are covalently bound to a central boron atom, forming a tripodal unit. A single hydrogen
atom is also bound to the boron. The six uncoordinated nitrogen atoms from the triazole rings
each can act as a Lewis base that forms a dative bond with a metal cation via a single lone pair of
electrons. There are two unique types of nitrogen atoms that can exhibit metal coordination in the
ligand: exodentate nitrogen atoms and endodentate nitrogen atoms. The endodentate nitrogen
atoms are positioned such that multiple atoms from the same ligand can bind a single metal
cation in a chelating binding mode that forms six-membered rings between the nitrogen atoms
and the metal center. The exodentate nitogen atoms are positioned such that multiple exodentate
nitrogen atoms of the same ligand cannot directly bind the same metal. Exodentate nitrogen
atoms can bind multiple different cations and thus act as bridges that can from 3-D frameworks.
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Figure 5. The [BH(trz)3]- ligand with endodentate (blue) and exodentate (red) nitrogen atoms
highlighted.
Synthetic Strategies
MOFs are generally synthesized using solvothermal techniques.3,12 In solvothermal
synthesis, a ligand is mixed with a metal cation in a solution that the ligand is somewhat soluble
in at room temperature. The mixture is typically stirred and heated to temperatures ranging from
just over room temperature to several hundred degrees Celsius. There are several solvothermal
conditions that can be adjusted to achieve the assembly of crystalline solids. These conditions
include metal and ligand concentrations and ratios, solvent, temperature, time exposed to heat,
rate of cooling, and crystallization time after cooling. Each of these factors may exhibit different
chemical effects on the crystallization process. As a result, making changes to these conditions
could completely alter the assembly of a single ligand/metal combination.
A study carried out by Janiak et al. showed that varying synthetic conditions resulted in
different materials in the [BH(trz)3]- system.24 In this work, coordination compounds were
synthesized by exchanging monovalent cations for divalent cations using aqueous layering as
opposed to solvothermal approaches. The compound Zn[BH(trz)3]2 was synthesized using this
19

aqueous layering technique, and two unique phases were identified. One phase, which was
isolated several days after layering, consisted of a 0-D, octaedral coordination complex in which
two [BH(trz)3]- ligand molecules chelate a single Zn2+ cation via endodentate coordination
(Figure 6).
The second phase, which was isolated several months after layering, consisted of a 3-D
framework with six different ligand molecules coordinated to a single Zn2+ cation via exodentate
coordination with octahedral geometry (Figure 6). Each ligand exhibits solely exodentate
coordination, connecting zinc metal centers to form a 3-D framework with flu topology. The
three letter code flu is a standard way of designating framework topology. These codes can be
found in the Reticular Chemistry Structure Resource (RCSR).25 These results suggest that
endodentate coordination, which was observed after several days of crystallization, is the
kinetically favored binding mode of [BH(trz)3]- and that exodentate coordination, which was
observed after several months of crystallization, is the thermodynamically stable binding mode.24
This is consistent with calculations of the basicity of the nitrogen atoms, which show that the
exodentate nitrogen atom is more basic and thus produces the most thermodynamically stable
product.
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several days

2+

-

Zn + 2[BH(trz)3]

aqueous

Solely endodenate,
0-D coordination complex

layering

several months

flu topology
Solely exodenate,
3-D framework
Figure 6. Summary of Zn[BH(trz)3]2 materials synthesized using aqueous layering.24 Crystals
isolated several days after layering consisted of a 0-D coordination complex; crystals isolated
several months after layering consisted of a 3-D framework with flu topology.
The preceding example illustrates how an increase in the crystallization time and a small
change to the synthetic conditions leads to a drastic change in structure. Thus, in turn affects the
material properties.24 The work described herein explores the types of relatively simple synthetic
modifications that can be made to construct different materials using the [BH(trz)3]- ligand as a
21

building block. It is possible that this ligand will be a good starting material to achieve
framework diversity since it contains multiple coordination sites. Furthermore, this ligand may
be ideal for the synthesis of frameworks that can adsorb gases by possibly leaving an
uncoordinated nitrogen atom in the framework.26,27
One set of synthetic variables that will be tested are the solvothermal conditions,
including solvent, temperature, time of heating, and time allowed for crystallization. Framework
topology can be influenced by solvent due to differing solubilities of starting materials and the
ability to act as a structure directing agent by being incorporated into pores of the framework. 21
Temperature and time of heating influence the amount of energy introduced into the system
during crystallization. If there are multiple stable crystalline forms of a material, adjusting the
temperature and time of heating could favor different products. Similarly, allowing crystals to sit
for an extended period of time may also drive the formation of a slow-forming
thermodynamically favored product, as shown by the Zn[BH(trz)3]2 material with flu topology.24
A second synthetic variation that will be explored is changing the metal cation that is
coordinated by the ligand. To prevent the incorporation of charge balancing counterions in the
crystalline structure, this study will be limited to monovalent cations. Changing the ionic radius
of the cation causes the coordination number to change. Smaller cations, like Li+, are usually
coordinated by fewer ligands than larger cations like K+. By varying the coordination
environment around the metal, it is possible to vary the binding mode of the ligand and thus the
overall topology of the framework.28,29
A third modification to the reagents used is covalent substitution of the triazole rings of
the ligand. Specifically, if alkyl substituents are introduced on the carbon atoms of the triazole
ring, the coordinating nitrogen atoms would experience some steric hindrance. This hindrance
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could direct the ligand to favor exodentate coordination and possibly the formation of 3-D
frameworks. A two-step synthetic route for the synthesis of substituted 1,2,4-triazoles has been
utilized by Bongiovanni et al. The original procedure was used to synthesize 3-t-butyl-5-methyl1,2,4-triazole, but could readily be adapted for other substituents (Scheme 1).30 This study will
focus on methyl substitution and will detail the synthesis of 3,5-dimethyl-1,2,4-triazole.

Acetamidine HCl

acethydrazide

3,5-dimethyl-1,2,4-triazole

Scheme 1. Outline for the synthesis of 3,5-dimethyl-1,2,4-triazole using procedure adapted from
Bongiovanni et al.30
The structure and thermal stability of new [BH(trz)3]- materials will be presented. The
results of this study suggest that certain synthetic variations have a more pronounced impact on
framework topology than others. Solvothermal conditions appeared to have limited control over
framework assembly while cationic radius strongly influenced framework dimensionality. The
trend in ion size and framework dimensionality will be discussed and compared to trends
observed in other MOF systems. While no new framework materials were synthesized using the
substituted [BH(dmtrz)3]- ligand, the synthesis of the 3,5-dimethyl-1,2,4-triazole and
K[BH(dmtrz)3] salt were successfully completed.
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EXPERIMENTAL
Materials
Potassium borohydride (KBH4; 98%; Acros), lithium borohydride (LiBH4; 95%; Acros),
1,2,4-triazole (C2H3N3; 99.5%; Acros), copper iodide (CuI; 98%; Strem), acetamidine
hydrochloride (C2H7ClN2; ≥98%; Acros), acethydrazide (C2H6N2O; 95%; Acros), and all
solvents were used as received from commercial sources. Isopropanol was degassed with N2 for
several hours before use with CuI.
Instrumental Methods
Fourier transform infrared (FT-IR) spectroscopy. Attenuated Total Reflectance (ATR)
FT-IR spectra were acquired using a Nicolet 380 ATR FT-IR spectrometer equipped with a
Golden Gate ATR sample holder and InspectIR plus detector. A total of 32 scans were recorded
at 2 cm-1 resolution from 400 to 4000 cm-1; a background spectrum was obtained using KBr and
subtracted as a ratio against the sample spectrum to obtain the baseline corrected spectrum.
1

H Nuclear Magnetic Resonance (NMR) spectroscopy. 1H NMR spectra were acquired

using a 300 MHz Bruker Avance DRX-300 NMR with HP host running Topspin 1.3 pl 8. All
spectra for [BH(trz)3]- materials were recorded using D2O. Spectra collected for the synthesis of
Hdmtrz and K[BH(dmtrz)3] were recorded in d4-MeOD.
Powder X-ray diffraction (PXRD). PXRD data were collected using Cu Kα radiation
(λ = 1.54056 Å) on a PANalytical X’Pert PRO powder diffractometer equipped with an
X’Celerator detector. Data were collected between 3-50° 2θ in scanning mode with a step size of
0.03° and a count time of 10 s. Samples were lightly ground in an agate mortar and pestle and
mounted on a low background silicon slide coated with petroleum jelly.
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Thermalgravimetric Analysis (TGA). TGA data were collected on a Mettler Toledo
TGA/SDTA 851e. For TGA studies, powdered samples (~10 mg) were loaded into 70 L
alumina crucibles, held at 30 C for 10 minutes, heated to 600 C at a rate of 10 C min-1, and
held at 800 C for one hour. All TGA experiments were performed with N2 carrier gas at a flow
rate of 10 mL/min.
Elemental analysis. CHN elemental analysis was performed by Galbraith Laboratories,
Inc., Knoxville, TN.
Single crystal x-ray diffraction (SCXRD). SCXRD data collected and refined for
K[BH(trz)3] crystallized from acetonitrile, Li[BH(trz)3] crystallized from acetonitrile, and
Cu[BH(trz)3] crystallized from isopropanol were performed by Professor Benny Chan at The
College of New Jersey. Diffraction data were collected using a Bruker APEX II Single Crystal
X-Ray CCD Diffractometer using monochromatic Mo Kα radiation (λ = 0.71073 Å) with the
omega scan technique. Single crystals were mounted on a glass fiber with viscous oil. Data were
collected, unit cells determined, data integrated, and absorption corrections made using the
programs SMART, SAINT, and SADABS. 31,32 The structures were solved using direct methods
and refined by full-matrix least-squares against F2 with all reflections using the Bruker
SHELXTL Software Package. 33 All non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were added using geometric parameters. Table 1 summarizes the
crystallographic parameters for SCXRD data.
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Table 1. Crystallographic parameters for SCXRD data.

a
b
c

Compound
K[BH(trz)3]
Molecular formula
C6H13BKN9
Formula weight
261.16
Crystal system
monoclinic
Space group
P 1 21/c 1
Size (mmmmmm)
0.290.370.43
a (Å)
9.2318(8)
b (Å)
7.5195(7)
c (Å)
15.6718(14)
α (°)
90
β (°)
103.5070(10)
γ (°)
90
3
Volume (Å )
1057.82(16)
Z
4
T (K)
296(2)
-3
dcalc (Mg cm )
1.640
2.37-28.58
 (°)
-1
0.495
 (mm )
Reflections collected
12054
Independent reflections
2563
Rint
0.0243
Number of observations
2286
Number of parameters
154
Final R indices
R1 = 0.0271
a
[I > 2σ(I)]
wR2 = 0.0710
R indices
R1 = 0.0311
b
(all data)
wR2 = 0.0741
c
Goodness-of-fit (GOF)
1.047
-3
∆ρmax (eÅ )
0.323
-3
∆ρmin (eÅ )
-0.236
R = Σ(|||Fo| - |Fc||)/Σ |Fo|.
Rw = [Σw(Fo2 – Fc2)2/Σw(Fo2)]1/2.
GOF= |Σ|w(Fo2 – Fc2)2](n-p)]1/2.
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Li[BH(trz)3]
C6H7BLiN9
222.96
orthorhombic
Pbca
0.300.150.15
11.3790(5)
13.4027(6)
14.3289(6)
90
90
90
2185.29(16)
8
100(2)
1.355
2.74-30.51
0.095
33217
3330
0.0308
3050
155
R1 = 0.0355
wR2 = 0.0970
R1 = 0.0381
wR2 = 0.0995
1.037
-

Cu[BH(trz)3]
C6H7BCuN9
279.56
orthorhombic
Pbca
11.2689(10)
13.3005(12)
14.5276(13)
90
90
90
2177.4(3)
8
100(2)
1.706
2.75-28.64
1.997
24020
2688
0.0320
2260
158
R1 = 0.0234
wR2 = 0.0593
R1 = 0.0381
wR2 = 0.0632
1.009
-

Synthesis
K[BH(trz)3]. A mixture of KBH4 (2.832 g, 52.5 mmol) and 1,2,4-triazole (98%, 14.813 g,
214.5 mmol) was heated under N2 to 190 °C over the course of several hours while stirring. The
resulting pale-yellow melt was heated at this temperature overnight until peaks corresponding to
the dihydrobis(triazolyl)borate anion disappeared from a 1H NMR spectrum of the reaction
mixture. After cooling the mixture to room temperature, excess triazole was removed by
sublimation in four 45-minute cycles, yielding an opaque white solid (87.1% yield based on K).
Crude K[BH(trz)3] solid (0.052 g, 0.20 mmol) was placed in a 12 mL teflon-capped borosilicate
glass vial with 5 mL of acetonitrile. The solution was stirred for two hours and then placed in a
100 °C oven for three days. The vial was cooled on the bench top, and transparent, colorless
hexagonal rods suitable for singe crystal x-ray diffraction were observed after ~2 h. Crystals of
K[BH(trz)3] were isolated by vacuum filtration and washed with ethyl acetate. (72% yield based
on K) Elem. Anal. Calc’d.: C 28.25; H 2.77; N 49.42. Found: C 27.99; H 2.80; N 49.64. 1H
NMR (400 MHz, D2O, δ): 8.02 (s, 3H), 8.18 (s, 3H). ATR-IR (cm-1): 2473 (m, B-H), 2455 (sh,
B-H).
Li[BH(trz)3]. A mixture of LiBH4 (0.555 g, 25.5 mmol) and 1,2,4-triazole (7.042 g,
102.0 mmol) was heated under N2 to 190 °C over the course of several hours while stirring. The
resulting colorless melt was heated at this temperature overnight until peaks corresponding to
dihydrobis(triazolyl)borate disappeared from a 1H NMR spectrum of the reaction mixture. After
cooling the mixture to room temperature, excess triazole was removed by continuous extraction
with ethyl acetate for 24 h (90.8% yield based on Li). Crude Li[BH(trz)3] solid (0.046 g, 0.21
mmol) was placed in a 12 mL teflon-capped borosilicate glass vial with 5 mL of acetonitrile. The
solution was stirred for two hours and then placed in a 125 °C oven for five days. The vial was

27

cooled on the bench top and small, colorless rods suitable for single crystal x-ray diffraction
were observed after several days. Crystals of Li[BH(trz)3] were isolated by vacuum filtration
and washed with ethyl acetate (70 % yield based on Li). 1H NMR (300 MHz, D2O, δ): 8.03 (s,
3H), 8.19 (s, 3H). ATR-IR (cm-1): 2465 (B-H), 3101 (sp2 C-H).
Li[BH(trz)3]·C3H8O. Crude Li[BH(trz)3] solid (0.023 g, 0.10 mmol) was placed in a 12
mL teflon-capped borosilicate glass vial with 5 mL of isopropanol. The solution was stirred for 1
hour and then placed in a 100 °C oven for 3 days. The vial was cooled on the bench top, and
transparent, colorless pseudohexagonal plates that appeared suitable for single crystal x-ray
diffraction were observed after approximately 1 week. Crystals of Li[BH(trz)3]·C3H8O were
isolated by vacuum filtration under inert atmosphere and washed with ethyl acetate (56% yield
based on Li). 1H NMR (300 MHz, D2O, δ): 1.07 (d, 6H), 3.93 (multiplet, 1H), 8.02 (s, 3H), 8.17
(s, 3H). ATR-IR (cm-1): 2461 (B-H), 2958 (sp3 C-H), 3107 (sp2 C-H).
Cu[BH(trz)3]. CuI (0.019 g, 0.010 mmol) was placed in a 12 mL Teflon-capped
borosilicate glass vial with 8 mL of isopropanol (degassed with N2) and stirred for 0.5 hours.
K[BH(trz)3] (0.025 g, 0.098 mmol) was added to the vial and the mixture stirred an additional 2
hours. After stirring, the mixture was placed in a 100 °C oven for three days. The vial was cooled
on the bench top, and colorless rods suitable for single crystal x-ray diffraction were observed
after one week (69% yield based on Cu). Elem Anal. Calc’d.: ATR-IR (cm-1): 2461 (B-H), 3099
(sp2 C-H).
3,5-dimethyl-1,2,4-triazole (Hdmtrz). A 1.5 M sodium ethoxide solution was prepared by
dissolving sodium metal (~0.7 g, 30 mmol) into 20 mL of anhydrous ethanol. Acetamidine
hydrochloride (2.405 g, 25.17 mmol) dissolved in 30 mL of anhydrous ethanol was added to the
sodium ethoxide solution and the mixture was stirred for 1 h. White solid precipitate was
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removed by vacuum filtration and acethydrazide solid (2.119 g, 28.60 mmol) was added to the
filtrate. This mixture was stirred overnight under N2 gas. Most of the solvent was removed using
a rotary evaporator, however the resulting white solid was not completely dried and was
therefore left overnight under N2 gas. This solid (1.954 g) was dissolved in 60 mL of toluene and
slowly heated to reflux at 140 °C in a Dean-Stark apparatus until water evolution ceased (4 h).
After cooling, the majority of the solvent was decanted and the solid white precipitate was dried
using a rotary evaporator. The dried, crude product was purified by sublimation using a heat gun
to heat the crude solid. The product, which was located on the cold finger, was collected after
five 40-minute rounds of sublimation. 1H NMR (300 MHz, D2O, δ): 1.94 (s, 3H), 1.99 (s, 3H).
K[BH(dmtrz)3]. A mixture of KBH4 (98%, 0.1928 g, 3.57 mmol) and 3,5-dimethyl-1,2,4triazole (>95%, 1.174 g, 12.51 mmol) was heated under N2 to reflux at 190 °C over the course
of several hours while stirring. The resulting pale-yellow melt was heated at this temperature
overnight until peaks corresponding to the dihydrobis(triazolyl)borate anion disappeared from a
1

H NMR spectrum of the reaction mixture. After cooling the mixture to room temperature,

excess dmtrz was removed by sublimation, yielding an opaque white solid. 1H NMR (300 MHz,
D2O, δ): 2.34 (s, 3H), 2.37 (s, 3H). ATR-IR (cm-1): 2446 (m, B-H), 2926 (s, sp3 C-H).
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RESULTS
K[BH(trz)3]
FT-IR spectroscopy. The IR spectrum for K[BH(trz)3] exhibited bands at 2475 cm-1 and
2460 cm-1 which correspond to two unique B-H stretching vibrational modes (Figure 7).34 The
presence of these bands implies that the [BH(trz)3]- ligand is in two distinct crystallographic
environments. However, this is inconsistent with the crystal structure of K[BH(trz)3], which
indicates a single [BH(trz)3]- environment. One possible explanation for this discrepancy is that
site splitting of the B-H environment occurs at room temperature, but could not be resolved in
the single crystal structure. A resonance effect, such as a combination band or Fermi resonance,
could also be responsible for the splitting. A decrease in transmittance observed at 3124 cm-1
corresponds to a C-H stretching vibrational mode on the sp2-hybridized carbon atoms of the
triazole ring. The broad peak observed between 3200 and 3700 cm-1 was attributed to water
vapor present in the air.
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Figure 7. IR spectrum of K[BH(trz)3] crystallized from acetonitrile. The bands at 2475 cm-1 and
2460 cm-1 are consistent with a B-H in two distinct crystallographic environments. The peak at
3124 cm-1 corresponds to the C-H stretching mode in the triazole ring.
1

H NMR Spectroscopy. The 1H NMR spectrum of K[BH(trz)3] crystallized from

acetonitrile has two singlets with chemical shifts of 8.02 ppm and 8.18 ppm (Figure 8). A single
peak due to non-deuterated solvent (water) was also observed with a chemical shift of ~4.7 ppm.
The two peaks around 8 ppm, which integrate with a 1:1 ratio, correspond to the two proton
environments in the triazole ring of the [BH(trz)3]- ligand. Each proton in the ligand likely
occupies a slightly different chemical environment. The presence of only two peaks in the
spectrum can be attributed to the relatively slow time scale of nuclear magnetic resonance. Each
singlet thus represents the average position of the three unique proton environments in each
triazole ring of the ligand. Due to quadrupolar coupling and relaxation effects from the boron
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atom, the B-H signal is broadened across the entire spectrum and therefore was not identified in
this or any other 1H NMR spectrum containing the [BH(trz)3]- anion.35

Figure 8. 1H NMR spectrum for K[BH(trz)3] crystallized from acetonitrile. The two singlets at
8.02 and 8.18 ppm correspond to two unique proton environments in the ligand triazole ring.
These peaks integrate in a 1:1 ratio. The peak at 4.7 ppm was due to non-deuterated solvent
(water).
Crystal structure. K[BH(trz)3] crystallizes from acetonitrile in the monoclinic space
group P21/c as a three-dimensional, nonporous framework (Figure 9). A summary of relevant
geometric parameters is displayed in Table 2. The asymmetric unit includes a single potassium
cation and one [BH(trz)3]- ligand. Each boron atom is tetrahedrally coordinated and is covalently
bonded to a single hydrogen atom and three nitrogen atoms from three triazole molecules. The
B-N bond lengths of 1.5452(17) -1.5457(17) Å are consistent with standard B-N bond lengths.
Potassium ions exhibit 7-coordinate trigonal prismatic, square capped coordination geometry,
which form edge-shared dimers that are bridged by N4 from each ligand in a μ2-coordination
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mode (2.8879(11)- 2.9112(11) Å) (Figure 9). Nitrogen atoms from five unique [BH(trz)3]ligands coordinate each K+. Three exodentate nitrogen atoms (N3, N6, and N8) from three
separate ligands coordinate K+ on the unshared square-face with K-N bond lengths ranging from
2.864(12) to 2.8943(11) Å. Two [BH(trz)3]- ligands bridge the dimer on either side of the
trigonal cap using endodentate nitrogen atoms while the other two nitrogen atoms (N1 and N7)
coordinate to a single K+ (3.2976(12) and 2.8355(11) Å, respectively). Figure 10 displays the
hex topology of the K[BH(trz)3] framework that is formed by connecting potassium dimer
centers through exodentate bridging.

33

Figure 9. Single crystal structure of K[BH(trz)3] crystallized from acetonitrile. (a)
polyhedral/ball and stick representation of potassium dimer. Black spheres represent carbon
atoms; light blue spheres represent nitrogen; dark blue tetrahedra illustrate the boron
coordination environment; and the purple polyhedra illustrate the potassium coordination
environment.
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Table 2. Selected geometric parameters for K[BH(trz)3] crystallized from acetonitrile.
atoms
K-N7
K-N6
K-N4
K-N8
K-N4
K-N3
K-N1
B-N5
B-N9
B-N2
B-H1

bond distance (Å)
2.8355(11)
2.864(12)
2.8879(11)
2.8943(11)
2.9112(11)
2.9937(11)
3.2976(12)
1.5452(17)
1.5455(17)
1.5457(17)
0.98

atoms
N7-K-N6
N7-K-N4
N6-K-N4
N7-K-N8
N6-K-N8
N4-K-N8
N7-K-N4
N6-K-N4
N4-K-N4
N8-K-N4
N7-K-N3
N6-K-N3
N4-K-N3
N8-K-N3
N4-K-N3
N7-K-N1
N6-K-N1

bond angle (deg)
72.14(3)
136.1(3)
89.01(3)
74.42(3)
120.52(3)
145.63(3)
72.75(3)
137.4(3)
100.08(3)
70.95(3)
118.51(3)
71.98(3)
90.72(3)
83.22(3)
148.17(3)
146.77(3)
141.09(3)
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atoms
N4-K-N1
N8-K-N1
N4-K-N1
N3-K-N1
N7-K-N1
N6-K-N1
N4-K-N1
N8-K-N1
N4-K-N1
N3-K-N1
N1-K-N1
N5-B-N9
N5-B-N2
N9-B-N2
N5-B-H1
N9-B-H1
N2-B-H1

bond angle (º)
62.27(3)
83.37(3)
76.83(3)
82.12(3)
66.56(3)
85.49(3)
72.87(3)
122.72(3)
58.63(3)
152.47(3)
107.95(2)
109.64(10)
112.01(10)
111.25(10)
107.9
107.9
107.9

along x-axis

along y-axis

=

=

45º rotation about zaxis

45º rotation about zaxis

Figure 10. Topological structure of K[BH(trz)3] as viewed along the x-axis (left), rotated
clockwise about the z-axis (middle), and along the y-axis of the unit cell (right) . The orange
spheres represent the center of each potassium dimer.
The K-N1 bond distance of 3.2976(12) Å is somewhat longer than the average K-N bond
length of 2.9549 Å. However, a valence bond calculation shows that N1 has a small bonding
contribution (Table 3).36 The total valence bond sum was +1.244 for potassium, which is slightly
higher than the expected potassium valency of +1, but still within an acceptable range of error
for the bond lengths and the valence-bond approximation.37
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Table 3. Sum of valence bond contributions from nitrogen ligands in K[BH(trz)3] crystallized
from acetonitrile. Valencies were calculated using the method described by O’Keeffe and
Brese.36
atoms
K-N7
K-N6
K-N4
K-N8
K-N4
K-N3
K-N1

bond distance (Å)
2.8355
2.864
2.8879
2.8943
2.9112
2.9937
3.2976
Total:

valency
0.230
0.213
0.200
0.196
0.188
0.150
0.066
1.244

Powder X-ray diffraction. A PXRD pattern for K[BH(trz)3] crystallized from acetonitrile
is displayed in purple and PXRD data simulated from SCXRD data are displayed in black in
Figure 11a. There is good agreement between the experimental and simulated patterns, indicating
that the crystalline structure of the bulk material matches that of the single crystal. Additional
peaks in the powder pattern of the bulk material (at 12.6º 2θ and 18.8º 2θ) are likely due to an
unidentified phase contamination. The diffraction patterns in Figure 11a and 11b shows that the
unindexed peaks in the bulk crystallized material (purple) are not due to the crude product (black
in 11b) and that the crude and crystallized materials have different structures.
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a.

b.
Figure 11. (a) Powder x-ray diffraction patterns for bulk solid K[BH(trz)3] crystallized from
acetonitrile (purple) and pattern simulated using SCXRD data (black). Simulated peaks are
labelled with Miller indices and d-spacings. Additional peaks in the purple pattern are attributed
to a phase impurity. (b) PXRD pattern of bulk solid K[BH(trz)3] crystallized from acetonitrile
(purple) compared to uncrystallized K[BH(trz)3] solid (black).
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Thermal analysis. The TGA trace of K[BH(trz)3] crystallized from acetonitrile shows that
a single significant mass loss of 52% occurred between 260 and 350 °C (Figure 12). This event
was followed by gradual mass loss until heating stopped. These thermal events are consistent
with framework decomposition and demonstrate that the framework is stable to approximately
260 °C. No mass loss was observed at lower temperatures, which implies that no solvent was
incorporated in the framework. This result is consistent with the crystal structure, where no
solvent of crystallization is observed. The decomposition products were not identified.
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Figure 12. Thermal decomposition profile of K[BH(trz)3] crystallized from acetonitrile. A mass
loss of 52% occurred between 260 °C and 350 °C followed by gradual mass loss until heating
stopped at 600 °C.
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Li[BH(trz)3]
FT-IR spectroscopy. The IR spectrum for Li[BH(trz)3] crystallized from acetonitrile
exhibits a band at 2460 cm-1 that can be attributed to a single B-H stretching vibrational mode
(Figure 13). This band suggests the presence of the [BH(trz)3]- ligand in a single chemical
environment, which is consistent with the one unique ligand identified in the single crystal
structure of Li[BH(trz)3] from acetonitrile.34 A peak at 3099 cm-1 corresponds to a C-H
stretching vibrational mode on the sp2-hybridized carbon atoms of the triazole ring.
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Figure 13. IR spectrum of compound Li[BH(trz)3] crystallized from acetonitrile. The peak in
absorbance at 2460 cm-1 corresponds to a B-H stretching vibrational mode. The peak at
3099 cm-1corresponds to the C-H stretching mode in the triazolate ring.
1

H NMR Spectroscopy. The 1H NMR spectrum of Li[BH(trz)3] crystallized from

acetonitrile contains two singlets with chemical shifts of 8.03 ppm and 8.19 ppm (Figure 14). A
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single peak due to non-deuterated solvent (water) was also observed with a chemical shift of
~4.7 ppm. The two peaks around 8 ppm, which integrate with a 1:1 ratio, correspond to two
unique proton environments in the triazole ring of the [BH(trz)3]- ligand. The chemical shifts of
these singlets are very similar to those observed for K[BH(trz)3], which suggests that the
framework dissolves into aqueous cations and anionic ligands in water.

Figure 14. 1H NMR spectrum for Li[BH(trz)3] crystallized from acetonitrile. The two singlets at
8.03 and 8.19 ppm correspond to two unique proton environments in the ligand triazolate rings.
These peaks integrate in a 1:1 ratio. The peak at 4.7 ppm was due to non-deuterated solvent
(water).
Crystal structure. Li[BH(trz)3] crystallizes from acetonitrile in the orthorhombic space
group Pbca as 2-D, corrugated sheets (Figure 15). A summary of relevant geometric parameters
is displayed in Table 4. The asymmetric unit includes a single lithium cation and one
hydrotris(triazolyl)borate anion. Each boron atom exhibits tetrahedral geometry and is covalently
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bonded to a single hydrogen atom and three nitrogen atoms (N1, N4, and N7) from three
triazolate molecules (B-N bond lengths of 1.5375(10)-1.549(10) Å). Each lithium ion has
tetrahedral geometry. One [BH(trz)3]- ligand chelates the metal center via two endodentate
nitrogen atoms (N2 and N5) with bond distances of 2.0856(15) Å and 2.0469(16) Å. Each
lithium ion is also bridged by a single exodentate nitrogen atom from two separate ligands (N3
and N9) with bond distances of 2.0187(16) Å and 2.0357(16) Å. This bridging connects lithium
cations and forms 2-D corrugated sheets with fes topology (Figure 16).

Figure 15. Polyhedral/ball and stick representation of the lithium coordination environment in
Li[BH(trz)3] crystallized from acetonitrile. Black spheres represent carbon atoms; light blue
spheres represent nitrogen; dark blue tetrahedra illustrate the boron coordination environment;
and the green tetrahedra illustrate the lithium coordination environment.
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Table 4. Selected geometric parameters for Li[BH(trz)3] crystallized from acetonitrile.
atoms
Li-N3
Li-N9
Li-N2
Li-N5
B-N4
B-N1
B-N7
B-H1

bond distance (Å)
2.0187(16)
2.0357(16)
2.0856(15)
2.0469(16)
1.5375(10)
1.5391(10)
1.549(10)
1.118

atoms
N3-Li-N9
N3-Li-N5
N9-Li-N5
N3-Li-N2
N9-Li-N2
N5-Li-N2
N4-B-N1
N4-B-N7
N1-B-N7
N4-B-H1
N1-B-H1
N7-B-H1
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bond angle (º)
100.67(7)
101.99(7)
129.92(8)
130.24(8)
105.71(7)
92.36(6)
110.27(6)
108.42(6)
108.00(6)
109.5
108.58
112.05

along y-axis

along x-axis
90º rotation about
z-axis

=

three 2-D layers
viewed along x-axis

Figure 16. Topological structure of a single 2-D sheet of Li[BH(trz)3] crystallized from
acetonitrile with fes topology (top). Green spheres represent Li+ framework nodes, and blue
spheres represent boron framework nodes. A single sheet as viewed along the y-axis (top left)
and along the x-axis (top right). The bottom image illustrates how three distinct layers (denoted
by different colors) stack in the crystal structure.
Powder X-ray diffraction. A PXRD pattern for Li[BH(trz)3] crystallized from acetonitrile
is displayed in green and PXRD data simulated from SCXRD data are displayed in black in
Figure 17a. There is good agreement between the experimental and simulated patterns, indicating
that the crystalline structure of the bulk material matches that of the single crystal. No extraneous
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peaks were observed in the experimental pattern, indicating that the crystallized material was
phase pure. There is a strong correspondence between the PXRD patterns of Li[BH(trz)3]
crystallized from acetonitrile and crude Li[BH(trz)3]. Peaks present in the uncrystallized material
(black in Figure 17b) but not in the crystallized product were observed at 10.7º, 11.3º, 21.6º, and
22.9º 2θ. These peaks could not be attributed to the presence of 1,2,4-triazole contamination, but
may correspond to a contamination or a crystalline polymorph of Li[BH(trz)3].
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a.

b.
Figure 17. (a) Powder x-ray diffraction patterns for bulk solid Li[BH(trz)3] crystallized from
acetonitrile (green) and pattern simulated using SCXRD data (black). Simulated peaks are
labelled with Miller indices and d-spacings. (b) PXRD pattern of bulk Li[BH(trz)3] crystallized
from acetonitrile (green) compared to uncrystallized Li[BH(trz)3] solid (black).
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Li[BH(trz)3]·C3H8O
FT-IR spectroscopy. The IR spectrum for Li[BH(trz)3]·C3H8O is displayed in Figure 18.
The peak observed at 2469 cm-1 can be attributed to a B-H stretching vibrational mode, which
suggests the presence of the [BH(trz)3]- ligand in a single chemical environment. 34 There is a
small shoulder at a slightly lower wavenumber that may be attributed to site splitting or
resonance effects in the B-H environment. The peak observed at 3128 cm-1 corresponds to a
stretching vibrational mode of the triazolate C-H bonds. A third peak was observed at 2972 cm-1,
which is characteristic of sp3-hybridized C-H stretching. The only component of the
solvothermal reaction that could cause this vibrational band to occur was the crystallization
solvent, isopropanol. A broad band between 3000 and 3500 cm-1 was attributed to O-H
stretching, which also suggests the presence of isopropanol in the solid. Further characterization
was required to determine if the solvent was incorporated into the crystalline structure or just a
surface adsorbate.
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Figure 18. IR spectrum of compound Li[BH(trz)3]·C3H8O. The peak in absorbance at 2469 cm-1
corresponds to a B-H stretching vibrational mode. The peak at 3128 cm-1 corresponds to a sp2hybridized C-H stretch in the triazolate rings of the ligand. The peak at 2972 cm-1 corresponds to
a sp3-hybridized C-H stretch in isopropanol, and the broad peak between 3000 and 3500 cm-1 is
due to O-H stretching in isopropanol.
1

H NMR Spectroscopy. The 1H NMR spectrum of Li[BH(trz)3]·C3H8O contains two

singlets with chemical shifts of 8.02 ppm and 8.18 ppm (Figure 19). These peaks, which
integrate with a 1:1 ratio, correspond to two unique proton environments in the triazole ring of
the [BH(trz)3]- anion. A doublet, observed at 1.08 ppm, corresponds to the methyl hydrogen
atoms on the first and third carbon atoms of isopropanol. A multiplet, observed at 3.93 ppm,
corresponds to the single hydrogen atom on the second carbon of isopropanol. These two peaks
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integrate in a 1:6 ratio, which is expected for isopropanol. The IPA multiplet and each of the
ligand singlets integrate in approximately a 1:3 ratio. Since there are three proton signals per
ligand, this is consistent with a solvent to ligand ratio of 1:1. A single peak due to non-deuterated
solvent (water) was also observed with a chemical shift of ~4.7 ppm.

Figure 19. 1H NMR spectrum for Li[BH(trz)3]·C3H8O. The two singlets at 8.03 and 8.19 ppm
correspond to two unique proton environments in the ligand triazole ring. These peaks integrate
in a 1:1 ratio. The multiplet at 3.93 ppm corresponds to the hydrogen atom on the second carbon
of isopropanol (Hb). The doublet at 1.08 ppm corresponds to the methyl hydrogen atoms on the
first and third carbon atoms of isopropanol. These two peaks integrate in a 1:6 ratio. The peak at
4.7 ppm was due to non-deuterated solvent (water).
Attempted single-crystal X-ray diffraction. Single crystals indexed in the
noncentrosymmetric Pna21 space group with lattice parameters of a = 24.0789(26) Å,
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b = 12.8892(14) Å, and c = 9.3816(10). The crystals were weakly diffracting and the structure
could not be successfully refined.
Powder X-ray diffraction. A PXRD pattern for Li[BH(trz)3]·C3H8O is displayed in Figure
20. The PXRD peak profile is unique and does not match that of the uncrystallized Li[BH(trz)3]
(Figure 20). The PXRD data for the bulk crystalline Li[BH(trz)3]·C3H8O material does not match
the peak profile simulated for the lattice parameters above. Therefore, it appears that the
structure of the single crystals isolated was not the same as the structure of the bulk material,
suggesting that two distinct phases may be crystallized under the same reaction conditions.

Figure 20. Powder x-ray diffraction patterns for bulk Li[BH(trz)3]·C3H8O (purple) and pattern
simulated using SCXRD unit cell indexing data.
Thermal analysis. The TGA trace of Li[BH(trz)3]·C3H8O is displayed in Figure 21. A
mass loss of 21.4% occurred between ca. 50 °C and 180 °C. This mass loss corresponds to the
loss of one molecule of IPA solvent molecule per Li[BH(trz)3] unit (21.2% expected). The
desolvated framework was thermally stable between 180 °C and 300 °C . A second event shows
a sharp mass loss of 30.6% between ca. 300 °C and 400 °C followed by a gradual loss until
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heating stopped. These mass loss events are consistent with framework decomposition. The
decomposition products were not identified.
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Figure 21. Thermal decomposition profile of Li[BH(trz)3]·C3H8O. A mass loss of 21.4%,
corresponding to loss of one equivalent of IPA solvent, occurred between 50 °C and 180 °C. The
desolvated framework was thermally stable to 300 °C, when a second, sharp mass loss of 30.6%
occurred followed by a gradual loss until heating was stopped. Thermal events above 300 °C are
consistent with framework decomposition. Small spikes in mass observed at ~415 °C and ~560
°C were due to brief changes in N2 gas flow rate on the building N2 system
Cu[BH(trz)3]
FT-IR spectroscopy. The IR spectrum for Cu[BH(trz)3] crystallized from isopropanol
contains a peak at 2459 cm-1 that is attributed to a single B-H stretch mode (Figure 22). This
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suggests the presence of the [BH(trz)3]- ligand in a single chemical environment, which is
consistent with the one crystallographically unique ligand molecue in the singe crystal
structure.34 A band at 3097 cm-1 corresponds to a C-H stretch vibrational mode on the sp2hybridized carbon atoms of the triazolate ring. A small, broad band observed between 3200 and
3600 cm-1 was attributed to surface-adsorbed isopropanol solvent from a sample that wasn’t
completely dry.
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Figure 22. IR spectrum of compound Cu[BH(trz)3] crystallized from isopropanol. The band at
2459 cm-1 corresponds to a B-H stretch vibrational mode. The decrease in transmittance at 3097
cm-1 corresponds to the C-H stretch mode in the triazolate ring. The broad band between 3200
and 3600 cm-1 was attributed to surface-adsorbed isopropanol.
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1

H NMR Spectroscopy. A 1H NMR spectrum was not obtained for Cu[BH(trz)3]

crystallized from isopropanol due to the difficulty in isolating the single phase from the
solvothermal reaction mixture.
Crystal structure. Cu[BH(trz)3] crystallized from isopropanol is isostructural to
Li[BH(trz)3] crystallized from acetonitrile (Figure 23). It crystallizes from acetonitrile in the
orthorhombic space group Pbca as 2-D, corrugated sheets. A summary of relevant geometric
parameters is displayed in Table 5. The asymmetric unit includes a single copper(I) cation and
one hydrotris(triazolyl)borate ligand. Each boron atom has tetrahedral geometry and is
covalently bonded to a single hydrogen atom and three nitrogen atoms from three triazole
molecules (B-N bond lengths of 1.538(2)-1.551(2) Å). Each copper(I) ion is 4-coordinate and
exhibits tetrahedral geometry. One [BH(trz)3]- anion chelates the metal center via two
endodentate nitrogen atoms (N2 and N5) with bond distances of 2.0766(14) Å and 2.0383(14) Å.
Each copper(I) ion is also bridged by a single exodentate nitrogen atom from two separate
ligands (N3 and N9) with bond distances of 2.0406(13) Å and 2.0275(14) Å. As with
Li[BH(trz)3], this bridging connects copper(I) cations and forms 2-D corrugated sheets with fes
topology (Figure 16 above).
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Figure 23. Polyhedral/ball and stick representation of the copper coordination environment in
Cu[BH(trz)3] crystallized from isopropanol. Black spheres represent carbon atoms; light blue
spheres represent nitrogen; dark blue tetrahedra illustrate the boron coordination environment;
and the blue tetrahedra illustrate the copper coordination environment.
Table 5. Selected geometric parameters for Cu[BH(trz)3] crystallized from isopropanol.
atoms
Cu-N9
Cu-N5
Cu-N3
Cu-N2
B-N4
B-N1
B-N7
B-H1

bond distance (Å)
2.0275(14)
2.0383(14)
2.0406(13)
2.0766(14)
1.538(2)
1.542(2)
1.551(2)
1.086(13)

atoms
N9-Cu-N5
N9-Cu-N3
N5-Cu-N3
N9-Cu-N2
N5-Cu-N2
N3-Cu-N2
N4-B-N1
N4-B-N7
N1-B-N7
N4-B-H1
N1-B-H1
N7-B-H1
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bond angle (deg)
131.97(6)
100.67(5)
102.58(5)
106.18(5)
92.38(5)
126.76(5)
110.17(12)
108.01(12)
108.43(12)
109(9)
109.2(9)
112.1(9)

Powder X-ray diffraction. A PXRD pattern for Cu[BH(trz)3] crystallized from
isopropanol is displayed in blue and a PXRD pattern simulated from SCXRD data is displayed in
black in Figure 24. There is good agreement between the experimental and simulated patterns,
indicating that the crystalline structure of the bulk material matches that of the single crystal.
Extraneous peaks were observed at 21.8° 2θ, 25.3° 2θ, and 26.9 ° 2θ. These peaks were
attributed to an unidentified phase impurity.

Figure 24. Powder x-ray diffraction pattern for bulk solid Cu[BH(trz)3] crystallized from
isopropanol (blue) and pattern simulated using SCXRD data (black). Simulated peaks are
labelled with miller indices/d-spacings.
Thermal analysis. The TGA trace of Cu[BH(trz)3] crystallized from isopropanol
displayed a mass loss of 1% between 50 °C and 200 °C (Figure 25). This corresponds to loss of
solvent adsorbed to the solid surface and is likely not solvent loss from within the framework. A
second mass loss of 29% occurred between 200 °C and 350 °C. This event was followed by a
gradual mass loss of 29% between 350 °C and 600 °C. These thermal events are consistent with
framework decomposition and demonstrate that the framework is stable to approximately
200 °C. No mass loss was observed at lower temperatures, which implies that no solvent was
incorporated in the framework. The decomposition products were not identified.
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Figure 25. Thermal decomposition profile of Cu[BH(trz)3] crystallized from isopropanol. A
mass loss of 1% occurred between 50 °C and 200 °C that likely corresponded to loss of surface
adsorbed solvent. A mass loss of a 29% occurred between 200 °C and 350 °C followed by a
gradual loss of 29% between 350 °C and 600 °C. These two events correspond to framework
decomposition. A small spike in mass observed at ~450 °C was due to a brief changes in N2 gas
flow rate.
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DISCUSSION
Ligand synthesis
Synthesis of [BH(trz)3] - ligand. Alkali metal (A = Li, Na, K) salts of the ligand
[BH(trz)3]- were synthesized using an adaptation of the procedure by Lobbia et al.34 The
synthesis can be accomplished in a single step via the reaction outlined in Equation 1.
ABH4 (s) + 3Htrz (l)  A[BH(trz)3] (s) + 3H2 (g)

(1)

In accordance with the literature procedure, solid metal borohydride and 1,2,4-triazole were
heated to 190 ºC, which is above the melting point of 1,2,4-triazole (120 ºC). Heating at 190 ºC
leads to the formation of the [BH(trz)3]- anion via subsequent replacement of hydrogen atoms
with triazolate rings. This reaction occurs over a range of times from 12 to 48 h. In a typical
reaction, a 1:4 ratio of borohydride to triazole is used to ensure complete dissolution of the
borohydride in the melt. During the reaction, 1,2,4-triazole often sublimed and condensed on the
top half of the reaction flask and on the bottom of the reflux condenser. When this occurred, a
heat gun was used to melt the sublimed triazole back into the bulk reaction mixture. The
formation of a tetrasubstituted borate never occurs since the exchangeable proton of the triazole
is not acidic enough (pKa = 2.27) to react with the fourth hydrogen of the borate.
The progress of the reaction was monitored using 1H NMR spectroscopy (Figure 26). The
two singlets corresponding to two unique proton environments in the triazole ring have different
chemical shifts in the bisubstituted borate (δ = ~7.99 ppm, ~8.23 ppm in D2O) and the
trisubtituted borate (δ = ~8.02 ppm, ~8.18 ppm in D2O). The reaction was considered complete
when the 1H NMR spectrum of the reaction mixture no longer contained peaks due to the
bisubstituted borate.
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Ha/b([BH(trz)3]-)

1,2,4-triazole

Htriazole
[BH2(trz)2][BH(trz)3]Ha/b([BH2(trz)2]-)

Ha/b([BH2(trz)2]-)

Figure 26. 1H NMR spectrum of the reaction mixture of KBH4 and 1,2,4-triazole. The reaction
progress was monitored by the loss of peaks due to the bisubstutited reaction product,
K[BH2(trz)2] (δ = ~7.99 ppm, ~8.23 ppm in D2O). The peak at 8.5 ppm is due uncoordinated
1,2,4-triazole.
Purification of the final reaction mixture, which contained both A[BH(trz)3] and 1,2,4triazole, deviated from the literature procedure. In the literature procedure, A[BH(trz)3] was
precipitated from ethanol and subsequently washed with diethyl ether.34 Two alternative methods
were used to purify the solid reaction mixture. For Li[BH(trz)3], triazole was removed by
continuous extraction into ethyl acetate using a soxhlet apparatus. White, solid Li[BH(trz)3],
which was slightly soluble in ethyl acetate, remained in the extraction thimble while the triazole
readily dissolved in ethyl acetate. For K[BH(trz)3], no suitable extraction solvent was identified
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that did not also dissolve the product. As a result, the triazole was removed by sublimation onto a
cold finger.
The purity of the remaining ligand could be monitored using 1H NMR. When 1,2,4triazole is not covalently linked to another species, the two protons in the ring occupy the same
chemical environment, resulting in the presence of a singlet with a chemical shift of 8.25 ppm in
D2O (Figure 27). By comparing the integration of this singlet due to free 1,2,4-triazole (2
protons) to the integration of one of the singlets due to [BH(trz)3]- (3 protons), the purity of the
ligand can be determined. Li[BH(trz)3] was obtained as a white microcrystalline solid at a purity
of 96% after 24 h of continuous extraction. K[BH(trz)3] was obtained as a white microcrystalline
solid at a purity of 95% after four 45-minute rounds of sublimation. Both Li[BH(trz)3] and
K[BH(trz)3] were crystalline materials, as indicated by PXRD; however no information
regarding structure or unit cell parameters could be obtained from the powder diffraction data.
Synthesis of 3,5-dimethyl-1,2,4-triazole. The synthesis of 3,5-dimethyl-1,2,4-triazole
(dmHtrz) was carried out using an adaptation of the procedure outlined by Bongiovanni et al.30
The original synthesis, which was designed for 3-t-butyl-5-methyl-1,2,4-triazole, could easily be
adapted to other substituents by choosing appropriate hydrazide and amidine derivatives. In this
case, acetamidine and acethydrazide were reacted to form a non-cyclic intermediate that was
heated to drive forward a condensation reaction that results in the formation of the substituted
triazole ring (Scheme 1).
To make less bulky 1,2,4-triazole derivatives, several other deviations from the original
procedure were made. For example, the solvent used in the condensation reaction in the original
procedure was xylene with a small amount of 1-octanol. When this solvent system was used for
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the synthesis of dmHtrz, a mixture of side products was observed and little dmHtrz was
produced. When toluene was used as the solvent, dmHtrz was the primary product. It is likely
that the dmHtrz product was more soluble in the xylene/1-octanol mixture than in toluene due to
the higher polarity of the mixture. As a result, when toluene was used, the precipitation of the
product drove the reaction forward to a greater extent than when the xylene/1-octanol mixture
was used. In the original procedure, the compound 3-t-butyl-5-methyl-1,2,4-triazole was
recrystallized from toluene. Due to its slightly greater polarity, Hdmtrz was relatively insoluble
in toluene. A variety of other solvent systems, including ethers, alcohols, esters, and mixtures
were tested as suitable recrystallization solvent. No suitable solvent or mixture was identified, so
sublimation was used instead.
Solvothermal framework assembly
In order to assemble the [BH(trz)3]- metal salts into framework materials, solvothermal
synthesis was utilized under relatively mild conditions (Table 6). In a typical solvothermal
synthesis, solid A[BH(trz)3] powder was added to different solvents at a range of concentrations
in borosilicate glass, Teflon-lined reaction vessels. The vessels were allowed to sit undisturbed at
various temperatures ranging from 50 ºC to 200 ºC for periods of time ranging from several
hours to several days to vary crystal growth conditions. After heating, the reaction vessels were
removed and allowed to cool at room temperature. Solids including microcrystalline powders
and single crystals were observed to precipitate in times ranging from several hours to several
weeks. Different crystalline phases were identified by PXRD peak profiles, and phases that could
be isolated as single crystals suitable for SCXRD were preferentially studied.
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Table 6. Summary of optimal synthetic conditions for [BH(trz)3]- compounds.

Compound

Reagents, amount

Solvent

Temperature (°C),
Yield
heating time
(based on metal)

K[BH(trz)3]

K[BH(trz)3], 0.20 mmol acetonitrile

100, 3 days

72%

Li[BH(trz)3]

Li[BH(trz)3], 0.21 mmol acetonitrile

125, 5 days

70%

Li[BH(trz)3]·C3H7O Li[BH(trz)3], 0.10 mmol isopropanol

100, 3 days

56%

100, 3 days

69%

K[BH(trz)3], 0.098 mmol
Cu[BH(trz)3]

isopropanol
CuI, 0.010 mmol

K[BH(trz)3] could be crystallized from acetonitrile or isopropanol. K[BH(trz)3] was too
soluble in water, methanol, ethanol, and N,N-dimethylformamide to form crystals and not
soluble enough in ethyl acetate and higher alcohols. A reaction temperature of 100 ºC was
optimum for moderately fast crystal growth of K[BH(trz)3] (within 3 days of heating and several
hours of cooling). At higher temperatures, fewer crystals were observed and the solvent often
evaporated from the reaction vessel. Longer heating time had little impact on crystal growth or
formation of different frameworks.
Li[BH(trz)3] can be crystallized from acetonitrile as a microcrystalline powder or as
colorless single crystals. Li[BH(trz)3] is too soluble in water, methanol, ethanol, and
N,N-dimethylformamide to form crystals and not soluble enough in ethyl acetate and higher
alcohols. An optimum crystallization temperature of 125 ºC and a heating time of five days,
followed by several days of cooling, were necessary to achieve crystal growth of Li[BH(trz)3].
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When Li[BH(trz)3] is crystallized from isopropanol, a different material,
Li[BH(trz)3]·C3H8O, is formed. This compound crystallizes at an optimum temperature of
100 ºC and heating time of three days. A microcrystalline powder of Li[BH(trz)3]·C3H8O can be
observed after cooling for several days. This material was identified as a different solid phase
than Li[BH(trz)3] crystallized from acetonitrile by PXRD (Figure 27). While there are many
coincident peaks between the diffraction pattern of Li[BH(trz)3]·C3H8O and Li[BH(trz)3]
crystallized from acetonitrile, there are several peaks with unique values of 2θ for
Li[BH(trz)3]·C3H8O. Spectroscopic characterization (1H NMR and IR) of Li[BH(trz)3]·C3H8O
revealed that isopropanol appeared to be present in the framework. Thermal analysis is also
consistent with an isopropanol of crystallization due to the stoichiometric amount lost on heating
from 50-200 ºC.
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Li[BH(trz)3]
from CH3CN

Counts

SC Simulated Data for
Li[BH(trz)3] from
CH3CN

Li[BH(trz)3]●C3H7O

2θ (degrees)
Figure 27. Comparison of powder x-ray diffraction patterns of Li[BH(trz)3] crystallized from
acetonitrile (green) and isopropanol (yellow). The black pattern depicts the SCXRD simulated
pattern for Li[BH(trz)3] crystallized from acetonitrile.
Single crystals of Li[BH(trz)3]·C3H8O have been obtained under similar solvothermal
conditions used to synthesize the powder form, but are usually not observed until after one to
two weeks of standing at room temperature. Li[BH(trz)3]·C3H8O crystals are weakly diffracting
and a structural solution could not be obtained. The PXRD data for the bulk and the simulated
data for the lattice parameters from SCXRD do not match (Figure 28). This suggests that the
structure of the powder is different than that of isolated single crystals. Additional work is
needed to characterize both materials.
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While Li[BH(trz)3] crystallized from acetonitrile and Cu[BH(trz)3] crystallized from
isopropanol are isostructural materials, they are synthesized under different conditions.
Li[BH(trz)3] was crystallized directly from solvent while Cu[BH(trz)3] was synthesized via a
solvothermal metathesis reaction. K[BH(trz)3] and CuI were mixed in isopropanol under ambient
temperatures and then heated for several days before cooling. The CuI salt was sparingly soluble
in aqueous and organic solvent. Isopropanol was the solvent that best dissolved the most of both
the CuI salt and K[BH(trz)3] upon stirring for several hours; although a yellowish-green
suspension remained after stirring. A temperature of 100 ºC and a heating time of three days
yielded optimum growth of clear, grey polyhedral crystals after one week of slow crystallization
at room temperature. Lower temperatures and shorter heating times did not promote dissolution
of the reagents while higher temperatures and longer heating times caused oxidation of the
copper(I) cation to copper(II) as evidenced by blue crystals in the reaction vials. Small greenishgrey cubic crystals were also observed in the reaction vessels after slow cooling as well as a grey
microcrystalline powder. Neither of these phases were identified using PXRD, but the
morphology of the cubic crystals is similar to that of recrystallized CuI.
In general, the crystallization temperature had minimal influence on directing framework
topology. Optimal crystallization temperatures ranged from 100-125 ºC; deviation from this
range resulted in the formation of fewer crystals, but no new materials. The same conclusion is
true for heating and crystallization time. Each material exhibited an optimal time range, but
variation of these times did not lead to formation of different structures (as was the case for
Janiak’s Zn[BH(trz)3]2 materials).24 The one solvothermal condition that could lead to
framework variation was crystallization solvent. When varying the crystallization solvent, the
most influential factor was ligand solubility. Only solvents where the ligand was sparingly
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soluble were suitable for crystallization. For [BH(trz)3]- compounds, isopropanol, acetonitrile,
and DMF were ideal for solvothermal crystallization. Less polar solvents, including higher
alcohols and ethers did not dissolve [BH(trz)3]- salts enough for crystallization to occur.
[BH(trz)3]- salts were too soluble in very polar solvents such as ethyl acetate, ethanol, and water,
to crystallize out of solution at the concentrations tested. Future work is needed to determine if
crystals can be isolated using these solvents at very high concentrations.
Topological analysis of [BH(trz)3]- frameworks
The [BH(trz)3]- materials described in this study exhibit varied framework topologies
depending on the metal cation used. In solid state chemistry, the framework topology is defined
by the connectivity of “purely inorganic” nodes in a crystalline solid. For MOFs, these nodes are
typically the metal cation sites or inorganic clusters in the framework, and the connectivity is
defined by how the organic ligands link the metal centers together.
K[BH(trz)3]. A single framework node was identified as the centroid between the two
potassium cations of each dimer unit. The analysis of the topology of this extensively connected
framework is outlined in Figure 28. Each potassium cation is linked to three other cations
through the three ligands that coordinate via exodentate nitrogen atoms. This means that each
dimer is connected to six other dimers through exodentate ligands. Each dimer is connected to
two additional dimers through the two shared ligands that chelate both potassium cations in the
dimer. In total, each potassium dimer is linked to eight others. The dimers are connected solely
through the bridging nitrogen atoms of each azole ring. Since there is no connection of potassium
dimers through the tetrahedral boron, this center is not considered a framework node. The
potassium dimers connect to form an extended 3-D framework with hex topology (Figure 29).
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hex

Figure 28. Flow diagram describing how the connectivity of framework nodes was identified for
K[BH(trz)3]. The purple spheres represent K+ cations; the central yellow sphere represents the
centroid between two K+ cations of the dimer; green spheres represent centroids of triazole rings
that connect the central dimer to those in the second coordination sphere; red spheres represent
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centroids of dimers in the second coordination sphere. The orange spheres and grey rods
represent the nodes and connections of the final hex topology.

down x-axis

down y-axis

Figure 29. Three-dimensional topology of the K[BH(trz)3] framework as viewed along the xand y-axes. The figures on the left display all atoms (excluding hydrogen) in the framework.
Purple polyhedra represent potassium cations, green polyhedral are boron atoms, blue spheres
are nitrogen atoms and grey sticks are carbon atoms. The figures on the right highlight the hex
framework topology where the orange spheres represent the centroid of each potassium dimer.
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Na[BH(trz)3]•DMF. The compound Na[BH(trz)3]•DMF was first synthesized by
Jonathan Boltersdorf, JMU Class of 2011. The sodium cation, which is defined as the single
framework node, is six-coordinate and exhibits octahedral geometry (Figure 30). One [BH(trz)3]anion chelates the sodium ion via three endodentate nitrogen atoms (N3, N6, and N9) with bond
distances ranging from 2.476 to 2.612 Å. Each sodium atom is also bridged by three exodentate
nitrogen atoms from three separate ligands (N2, N5, and N8) with bond distances ranging from
2.428 to 2.502 Å. This exodentate bridging mode connects sodium ions, forming a porous 3-D
framework with distorted primitive cubic (pcu) topology. Non-coordinating DMF solvent
molecules occupy the pores of the framework in a 1:1 ratio of ligand to DMF.
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down x-axis

down y-axis

Figure 30. 3-D topology of the Na[BH(trz)3]•DMF framework. The figures on the left include
the structure of the ligand (with DMF molecules and hydrogen atoms omitted for clarity); the
figures on the right highlight the connections between Na+ cations forming the pcu topology.
A[BH(trz)3] (A = Li, Cu). The isostructural frameworks observed when Li[BH(trz)3] is
crystallized from acetonitrile and Cu[BH(trz)3] is crystallized from isopropanol contain two
unique nodes. Both the tetrahedral A+ cation and the boron atom were identified as nodes
because both were needed to link metal centers together. Each ligand simultaneously chelates
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one A+ and bridges to a second. Two equivalent ligands exhibit this chelate/bridge motif with
two cations, forming a four-ring with alternating A+ ions and boron atoms at the corners (see
inset in Figure 31). Each four-ring is connected to four other four-rings via exodentate bridging.
This bridging extends the framework into two dimensions, forming a corrugated sheet. The fes
topology is formed by boron and A+ nodes connect to form alternating four- and eight-rings. The
2-D layers are arranged in an ab stacking pattern where van der Waals contacts between layers
are maximized.
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Figure 31. 2-D topology of compounds A[BH(trz)3] (A = Li+, Cu+) with (a) organic molecules
present and (b) the fes topology highlighted. A close up view of the 4-ring is inset in (a). The
green tetrahedral represent the metal center; blue tetrahedral represent boron atoms.
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Influence of cationic radius metal connectivity
The ionic radius of the metal counterion can provide synthetic control over MOF
topology. At the most basic level, changing the size of a cation changes the number of ligands
that can coordinate that cation. For alkali metals, which are spherical and usually do not exhibit
preferred coordination geometries, the coordination number dictates metal geometry. Therefore,
varying the ionic radius can influence the geometry of alkali metal framework nodes (Table 7).
The framework with the smallest cations, A[BH(trz)3] (A = Li+, Cu+), contains four-coordinate
A+ ion in a distorted tetrahedral environment. Na[BH(trz)3]•DMF, which contains a slightly
larger cation than A[BH(trz)3] (A = Li+, Cu+), has six-coordinate metal sites that are octahedral.
K[BH(trz)3], which contains the largest cation, is seven-coordinate and exhibits square
monocapped, trigonal prismatic coordination geometry.
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Table 7. Comparison of the metal ion coordination and framework topology in [BH(trz)3]materials. Cationic radii are based on the Shannon-Prewitt crystal radii.38

Compound

Cationic
radius (pm)

Coordination number,
metal geometry

Metal center
connectivity

Framework
topology

Li[BH(trz)3] from
acetonitrile

73

4, tetrahedral

monomer

2-D, fes

Cu[BH(trz)3] from
isopropanol

74

4, tetrahedral

monomer

2-D, fes

Na[BH(trz)3]•DMF

116

6, octahedral

monomer

3-D, dia

K[BH(trz)3] from
acetonitrile

152

7, capped trigonal
prismatic

dimer

3-D, hex

Another trend correlated with ionic radius was identified for many carboxylate-based
MOFs containing s-block metal cations. For these materials, metal center connectivity increases
as the ionic radius of the cation increases.39 This means that smaller cations form discrete
polyhedra or edge-sharing dimers, whereas larger cations tend to form edge and face sharing
infinite chains. Clegg and Russo reported a series of alkali metal-isophthalate frameworks where
this trend was observed. The Li+ and Na+ frameworks contained edge-sharing metal dimers while
Rb+ and Cs+ frameworks contained face-sharing infinite one-dimensional chains.40 This trend
appears to hold for [BH(trz)3]- compounds (Table 7).
K[BH(trx)3] crystallized from acetonitrile contains two coordinating nitrogen atoms (N1
and N4) that exhibit μ2 coordination to bridge two metal centers in an edge-sharing dimer (Figure
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32). A different seven-coordinate K[BH(trx)3] compound was reported by Janiak et al. This
material crystallized from water to yield edge-sharing K+ cations that were bridged by two
oxygen atoms to form one-dimensional, infinite chains.41 In [BH(trz)3]- materials containing
smaller cations (Na+, Li+, and Cu+), metal centers were isolated and did not exhibit edge or face
sharing (Figure 32). These results suggest that monovalent [BH(trz)3]- systems possess the same
correlation between ionic radius and metal connectivity as alkali metal carboxylate frameworks.
Further work is needed to determine if this trend applies universally. It is possible that ligands
with steric bulk near Lewis base sites may not exhibit metal connectivity due to the inability to
coordinate multiple ligands around a metal cation. With fewer ligands coordinated to fewer metal
cations, both metal connectivity and framework dimensionality may be limited. Covalent
modification of the triazolate rings in the [BH(trz)3]- ligand may be a suitable approach to
validate this hypothesis.
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a.

b.

c.
Figure 32. Comparison of coordination environments in (a) K[BH(trz)3], (b) Na[BH(trz)3]•DMF,
and (c) Li/Cu[BH(trz)3].
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Covalent modification
The 3,5-dimethyl-1,2,4-triazole variant of the [BH(trz)3]- ligand has been successfully
synthesized, but no framework materials have been isolated to date. Current work is focused on
using the solvothermal conditions utilized for K[BH(trz)3] to construct new materials with
K[BH(dmtrz)3]. Adding a methyl substituent to imidazole in two tetrakis(imidazolyl)borate
([B(mim)4]-) compounds increased the steric bulk of the ligand, resulting in wider N-M-N bond
angles.42 This led to the formation of three-dimensional frameworks whereas materials with the
unsusbstituted ligand were two-dimensional.42 Future work will investigate if the same trend is
true for 1,2,4-triazolate systems.
CONCLUSIONS
A relatively limited number of studies report the use alkali metals to construct MOFs. Of
those studies, most have been limited to using carboxylate-based ligands to construct new
materials.39 The above results demonstrate the synthesis and characterization of several alkali
metal-organic frameworks using the azole-based anionic ligand, [BH(trz)3]-. This study was able
to identify which reagent variations and synthetic conditions influence the structure of
[BH(trz)3]- frameworks.
Solvothermal conditions had limited influence on framework assembly in alkali metal
[BH(trz)3]- compounds. Crystalline phases of Li[BH(trz)3] are sensitive to different
crystallization solvents. Li[BH(trz)3] tends to form two-dimensional sheets with fes topology
when crystallized from acetonitrile. However, a different crystalline phase was identified when
isopropanol was used as the crystallization solvent. Spectroscopic analysis and TGA suggest that
this is a porous material with an isopropanol adsorbate in a 1:1 ratio with the ligand. Single
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crystals of this material were weakly diffracting, and a definitive structure has not yet been
determined. Future efforts will go towards obtaining reliable structural data for this new phase in
order to understand how the solvent is acting as a structure directing agent.
The variable with the most pronounced effect on [BH(trz)3]- metal coordination and
framework topology was cationic radius. There was a distinct correlation between cation size,
coordination number, and coordination geometry: larger cationic radius yields higher
coordination number. The meal center connectivity is also influenced by ionic radius. A trend of
increasing metal (i.e. formation of edge and face sharing metal polyhedral) with increasing ionic
radius was first observed for s-block carboxylate MOFs.39 This trend seems to hold for
monovalent [BH(trz)3]- frameworks as well. Frameworks with smaller cations, including
Na[BH(trz)3]•DMF and A[BH(trz)3] (A = Li+, Cu+), contain discrete metal centers that are
connected via bridging of exodentate nitrogen atoms. In contrast, K[BH(trz)3] crystallized from
acetonitrile contained edge-sharing potassium cations that were linked via μ2-bridging. Each
potassium dimer was also connected to eight other dimers via exodentate bridging through the
ligand triazolate rings.
While the observed trend in ionic radius may be useful in predicting metal connectivity,
metal connectivity is not useful for predicting framework dimensionality. Na[BH(trz)3]•DMF is
a clear example of a compound that has monomeric metal centers and still forms a threedimensional framework. The factors that influence framework dimensionality are still not well
understood in MOFs containing s-block cations.39 It is possible that the presence of multiple
coordination modes, such as the endodentate and exodentate modes in [BH(trz)3]-, may promote
the formation of three-dimensional frameworks since these ligands can exhibit both chelation
and bridging simultaneously. However, this possibility is likely limited by sterics, and extended
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coordination may only occur if there is enough volume around the metal center to accommodate
multiple types of coordination modes.
Testing the influence of steric encumbrance on framework dimensionality in large
monovalent cations like K+ may be possible using covalently modified [BH(trz)3]- ligands. In
future work, K[BH(dmtrz)3] will be used to synthesize new framework materials. It is possible
that the extra steric bulk provided by the methyl groups will limit the number of ligands that can
surround the large K+ cation, possibly lowering the dimensionality of the framework.
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